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NusG is a conserved regulatory protein interacting
with RNA polymerase (RNAP) and other proteins to
formmulticomponent complexes thatmodulate tran-
scription. The crystal structure of Thermotoga mari-
tima NusG (TmNusG) shows a three-domain archi-
tecture, comprising well-conserved amino-terminal
(NTD) and carboxy-terminal (CTD) domains with an
additional, species-specific domain inserted into
the NTD. NTD and CTD directly contact each other,
occluding a surface of the NTD for binding to RNAP
and a surface on the CTD interacting either with tran-
scription termination factor Rho or transcription
antitermination factor NusE. NMR spectroscopy
confirmed the intramolecular NTD-CTD interaction
up to the optimal growth temperature of Thermotoga
maritima. The domain interaction involves a dynamic
equilibrium between open and closed states and
contributes significantly to the overall fold stability
of the protein. Wild-type TmNusG and deletion vari-
ants could not replace endogenous Escherichia coli
NusG, suggesting that the NTD-CTD interaction of
TmNusG represents an autoinhibited state.
INTRODUCTION
Regulatory proteins are frequently composed of several
domains, each of which typically sustains interactions to
different binding partners (Pawson and Nash, 2000, 2003).
Multiple interaction modules can form the basis for assembling
and regulating multicomponent complexes. Some of these
multidomain proteins are known to be regulated by an autoinhi-
bitory mechanism, in which intramolecular interactions block
binding sites for other proteins on the interacting domains (Bur-
mann et al., 2012; Mackereth et al., 2011; Pufall and Graves,
2002). The release of autoinhibition requires large scale confor-
mational changes that in turn critically depend on the specific
intramolecular dynamics of the system (Li et al., 2008). Knowl-Structure 21,edge of thermodynamics and kinetics of autoinhibition release
helps to understand the physical principles of affinity control.
However, detection of lowly populated high-energy states is
necessary, which often represents experimental challenges
(Cho et al., 2011).
NusG is a general regulator of bacterial transcription that
exerts diverse effects on RNA polymerase (RNAP) in a context-
dependent manner. It is the only universally conserved transcrip-
tion factor in all three domains of life (Werner, 2012). Escherichia
coli (Ec) NusG increases the elongation rate of RNAP in vivo and
in vitro (Artsimovitch and Landick, 2000; Burns and Richardson,
1995; Burova et al., 1995) by suppressing transcriptional pauses
that involve backtracking of RNAP (Artsimovitch and Landick,
2000; Pasman and von Hippel, 2000). In conjunction with several
other Nus-factors, NusG is part of antitermination complexes
that resist pausing and termination (Torres et al., 2004; Zhou
et al., 2002). These complexes are necessary for bacteriophage
l growth (Li et al., 1992; Sullivan et al., 1992) and for the efficient
transcription of ribosomal RNA operons (Squires et al., 1993). At
the same time, EcNusG directly interacts with transcription
termination factor Rho (Burmann et al., 2010; Pasman and von
Hippel, 2000) and enhances Rho-dependent termination (Sulli-
van and Gottesman, 1992). EcNusG also couples transcription
and translation (Burmann et al., 2010).
EcNusG consists of two domains (an amino-terminal domain,
NTD; and a carboxy-terminal domain, CTD) connected by a flex-
ible linker (Mooney et al., 2009). In some bacteria, an additional
domain (domain II) is inserted in the NTD (Figure S1 available on-
line) (Knowlton et al., 2003; Liao et al., 1996; Steiner et al., 2002)
and a similar domain expansion is found in the functional NusG
analog, Spt5, of archaea and eukaryotes (Guo et al., 2008; Wen-
zel et al., 2010). The NusG NTD consists of a four-stranded anti-
parallel b sheet flanked by two antiparallel helices on one side
and by a third, C-terminal helix on the other side. The CTD forms
a barrel-type antiparallel b sheet with an embedded KOW motif
(Kyrpides et al., 1996), a known RNA binding element.
The multidomain architecture of NusG enables it to act as an
adaptor protein that links other proteins bound to these domains
in multicomponent complexes. A crystal structure of the
NusG-like NTD (NGN) of transcription factor Spt5 from Pyro-
coccus furiosus (Pf) in complexwith transcription factor Spt4 and
the clamp domain of RNAP suggested that a large hydrophobic365–375, March 5, 2013 ª2013 Elsevier Ltd All rights reserved 365
Table 1. Crystallographic Data
Data Collection Full Length
Domain II
(Native)
Domain II
(SeMet)
Wavelength (A˚) 1.05 0.97985 0.97893
Temperature (K) 100 100 100
Space group P4322 C2 C2
Unit cell parameters
a, b, c (A˚) 60.0, 60.0,
311.5
136.3, 42.2,
88.3
134.9, 42.0,
89.1
a, b, g () 90, 90, 90 90, 106.3, 90 90, 106.3, 90
Resolution (A˚)a 50.0–2.4 50.0–1.9 50.0–2.0
(2.44–2.40) (1.97–1.90) (2.07–2.00)
Reflections
Unique 23,437
(1,082)
37,677
(1,846)
29,850
(1,495)
Completeness (%) 99.2 (99.6) 99.9 (72.7) 89.9 (45.7)
Redundancy 4.9 (4.7) 3.8 (3.7) 6.2 (3.0)
Mean I/s(I) 16.6 (2.0) 13.3 (1.8) 14.6 (2.1)
Rsym(I)
b 7.4 (56.7) 9.4 (78.8) 8.6 (39.2)
Phasing
Resolution (A˚) 35.0–2.0
Heavy atom sites 4
SHELXD CC/CCweak
c 56.5 / 26.9
SHARP overall
figure of merit
0.29 / 0.22
acentric / centric
Refinement
Resolution (A˚) 50.0–2.4 50.0–1.9
Reflections
Number 23,437 35,358
Completeness (%) 95.4 92.7
Test set (%) 5 5
Rwork
d (%) 22.0 18.1
Rfree
d (%) 27.4 23.0
ESU (A˚) 0.31 0.25
Contents of A.U.
Protein molecules/
residues/atoms
1/341/
2,763
2/386/
3,220
Water oxygens 27 204
Acetate ions – 6
Mean B-factors (A˚2)
Wilson 56.1 22.5
Protein 76.0 33.4
Water 60.1 40.4
Ramachandran plote
Preferred (%) 94.1 99.2
Allowed (%) 4.1 0.8
Disallowed (%) 1.8 0
RMSD from target geometry
Bond lengths (A˚) 0.006 0.009
Bond angles () 1.036 1.140
Chirality (A˚) 0.067 0.087
Table 1. Continued
Data Collection Full Length
Domain II
(Native)
Domain II
(SeMet)
Dihedral angles () 16.01 13.31
PDB ID 2XHC 2XHA
aData for the highest resolution shell is in parentheses.
bRsym(I) = ShklSijIi(hkl) < I(hkl) > j / ShklSijIi(hkl)j, for n independent reflec-
tions and i observations of a given reflection; where < I(hkl) > = average
intensity of the i observations.
cCC = [SwEoEcSwSwEoSwEc]/{[SwEo2Sw(SwEo)2] [SwEc2Sw(S
wEc)
2]}1/2, where w = weight (see http://shelx.uni-ac.gwdg.de/SHELX/
shelx_de.pdf for full definitions).
dR = ShkljjFobsj  jFcalcjj / ShkljFobsj. A.U., asymmetric unit; ESU,
estimated overall coordinate error based on maximum likelihood; Rwork,
hkl; T; Rfree, hkl ˛ T; Rall, all reflections; T, test set.
eAccording to Lovell et al. (2003).
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366 Structure 21, 365–375, March 5, 2013 ª2013 Elsevier Ltd All righpatch between the C-terminal helix, and the b sheet of the NusG
NTD represents a binding region for the conserved clamp region
of RNAP (Martinez-Rucobo et al., 2011). Furthermore, NMR
analyses have demonstrated that the CTD of EcNusG forms
mutually exclusive complexes with Rho and NusE (equivalent
to ribosomal protein S10) (Burmann et al., 2010). These multiple,
domain-wise interactions of NusG allow it to integrate the activ-
ities of the transcriptional and translational machineries in E. coli
(Burmann et al., 2010).
Here, we present evidence that in some organisms NusG
might be regulated by autoinhibition. The crystal structure of
NusG from the marine hyperthermophilic bacterium Thermotoga
maritima (TmNusG) and the solution structure of a deletion
variant thereof reveal a direct interaction between the conserved
NTD and CTD that is incompatible with other known protein
contacts of these domains. In addition, thermodynamic param-
eters as well as interconversion dynamics between open and
closed states determined by NMR spectroscopy point to an
autoregulatory mechanism.
RESULTS AND DISCUSSION
Crystal Structure Analysis of TmNusG
Based on sequence analysis, TmNusG possesses an insertion
(domain II) in its NTD not found in most other bacteria (Liao
et al., 1996; Steiner et al., 2002). To investigate the fold and
domain architecture of TmNusG, we crystallized the full-length
recombinant protein produced in E. coli. Because molecular
replacement with known NusG NTD and CTD structures as the
sole search models failed, and well-diffracting crystals of full-
length TmNusG were poorly reproducible, we separately
produced and crystallized the Thermotoga-specific domain II
(residues 42–233) and solved its structure by selenomethionine
(SeMet) single anomalous dispersion (SAD) at 1.9 A˚ resolution
(Table 1). The structure of domain II together with known NusG
NTD and CTD structures allowed us to solve the crystal structure
of the full-length protein by molecular replacement at 2.4 A˚ reso-
lution. Both structures were refined to acceptable R-factors with
good stereochemistry (Table 1).
Domain II (TmNusGDII) crystallized in space group C2 with two
molecules per asymmetric unit, which are structurally veryts reserved
Figure 1. Crystal Structure of TmNusG
(A) Orthogonal ribbon plots of the Thermotoga-specific domain II insertion comprising two subdomains. The protein is colored blue to red from N terminus to C
terminus to illustrate the chain trace.
(B) Superimposed ribbon plots of the two crystallographically independent molecules of the TmNusGDII crystal structure (light and dark gray) and of the domain II
portion of the full-length protein (domain II, gold; crossovers to the NTD, magenta). Minor differences are seen in surface loops and at the domain termini.
(C) Overall structure of TmNusGFL (panel 2) in comparison with an EcNusE-NusGCTD complex (panel 1), EcRfaH (panel 3), HsSpt4-Spt5 complex (panel 4), and
PfSpt4-Spt5-RNAP clamp domain complex (panel 5). The NusG CTD (panels 1 and 2) or the equivalents of the NusG NTD (panels 2–5) are shown in the same
orientation as the corresponding domains in the structure of TmNusG (panel 2).The orientation of TmNusGFL is the same as for TmNusGDII in the left panel of (A).
NTD, blue; domain II, gold; CTD, light red; NusE, dark gray; Spt4, beige; RNAP, gray; NTD-CTD linker, cyan; NTD-domain II crossovers or topologically equivalent
regions, magenta.
See also Figure S1.
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imposed Ca atoms). The two molecules differed slightly in some
surface loops and at the domain termini (Figures 1A and 1B). All
TmNusG residues contained in the domain II construct could be
traced for both independent copies of the molecule in the
electron density. The regularly structured part of domain II
encompasses residues 52–224 and is composed of two subdo-
mains (Figure 1A). The composite N-terminal subdomain (resi-
dues 52–80 and 200–224) adopts a b sandwich fold made
up of two antiparallel four- and three-stranded b sheets. The
continuous C-terminal subdomain (residues 83–197) exhibits
a dumbbell-like structure whose central scaffold is formed by
a four-stranded antiparallel b sheet. Short, antiparallel peptides
(residues 81–82 and 198–199) connect the subdomains. Com-
parison with entries in the Protein Data Bank (PDB; http://
www.pdb.org) showed that the overall fold of domain II is unique
with respect to the spatial organization and the connectivity of
the secondary structure elements. PDBeFold/SSM (KrissinelStructure 21,and Henrick, 2004) yielded no matches using the default
threshold value (lowest acceptable match 70% for query and
target). Lowering the threshold value did not yield hits with
RMSDs below 4 A˚ or Q scores above 0.06, confirming the fold.
Crystals of full-length TmNusG (TmNusGFL) belonged to
space group P4322 with one molecule per asymmetric unit.
The crystal structure of TmNusGFL exhibits a ‘‘T’’-shape (Fig-
ure 1C, panel 2), in which the NTD (residues 3–40 and 234–
281) and CTD (residues 299–352) form the bar of the ‘‘T’’ while
the stem is formed by domain II that is inserted within the NTD.
Both NTD and CTD adopt very similar folds as in other NusG
proteins (compared to Aquifex aeolicus [Aa] NusG, PDB ID
1M1G: RMSD NTD 1.65 A˚ for 84 superimposed Ca common
atoms, CTD 0.77 A˚ for 53 superimposed Ca atoms). The NTD
comprises an antiparallel four-stranded b sheet flanked by two
a helices on one side and an additional a helix on the other.
The CTD consists of a five-stranded, antiparallel b barrel. The
two terminal domains are connected by a long, flexible linker365–375, March 5, 2013 ª2013 Elsevier Ltd All rights reserved 367
Figure 2. Domain Interaction of TmNusG
(A) Expanded view of the domain interface between NTD (blue) and CTD (light
red). Side chains with buried surfaces compared to isolated domains are
shown in stick representation.
(B) Superposition of 1H, 15N HSQC spectra of TmNusGNTD-CTD (black) and
TmNusGCTD (red).
(C) Normalized chemical shift differences of backbone amide resonances
between TmNusGNTD-CTD and TmNusGCTD as a function of sequence.
(D) Mapping of chemical shift differences onto the crystal structure of
TmNusG. The inserted domain II is omitted for clarity. Color coding from yellow
to red indicates increasing chemical shift differences.
Structure
Autoinhibited State in Thermotoga maritima NusG(residues 282–298) whose central part (residues 288–296) lacked
well-defined electron density (dashed cyan line in Figure 1C,
panel 2).
In TmNusGFL, domain II adopts the same structure as in the
two copies of the isolated domain construct (RMSD 1.20/
1.66 A˚ for 184/179 superimposed Ca atoms; Figure 1B). It is con-
nected to the N- and C-terminal portions of the NTD via two
peptides (residues 41–51 and 225–233) arranged as two antipar-368 Structure 21, 365–375, March 5, 2013 ª2013 Elsevier Ltd All righallel b strands (Figure 1C, panel 2). The bulk of domain II lacks
direct contacts to either NTD or CTD. Previously, an additional
domain has also been found inserted at the corresponding site
in the NTD of AaNusG (Knowlton et al., 2003; Steiner et al.,
2002). Although the AaNusG insertion exhibits a b sandwich
fold reminiscent of the first subdomain of TmNusG domain II, it
folds with a different topology. In EcNusG, domain II is replaced
by an elongated loop (Burmann et al., 2011; Mooney et al., 2009).
NTD-CTD Contacts in TmNusG Are Reminiscent
of Interdomain Interactions in the NusG paralog, RfaH
In the crystal structure of TmNusG, the NTD and CTD directly
contact each other, burying 1544 A˚2 of combined surface area
at their interface (contribution of NTD and CTD 686 A˚2 and
858 A˚2, respectively). In the NTD, residues from strands b1
(Ile7), b3 (Tyr235 and Phe237), and its preceding loop (Leu231,
Phe232, and Pro233), as well as residues from helix a3 (Pro276,
Leu280) and its preceding loop (Val269) form a hydrophobic
surface patch (Figure 2A). The CTD associates with this surface
patch via two loops, between strands b10 and b20 (Pro311 and
Phe312) and between strands b30 and b40 (Ile335 and Phe336),
forming extensive, hydrophobic interdomain contacts. In addi-
tion, two salt bridges (Arg275-Asp314, and Arg279-Glu313) and
a hydrogen bond (between the side chain of Arg338 and back-
bone of Pro233) are sustained between the domains (Figure 2).
In E. coli, the specialized transcription factor RfaH, a paralog
of NusG, exhibits a NusG-like NTD and a differently folded,
a-helical CTD that are tightly associated (Belogurov et al.,
2007). The NTD-CTD interactions in TmNusG and RfaH make
use of an equivalent hydrophobic patch on the respective NTDs
(Figure 1C, panel 3). In contrast to TmNusG, RfaH-CTD adopts
a helical conformation in the closed state. Upon domain opening,
RfaH-CTD refolds into the all-b sheet conformation similar to
NusG-CTD (Burmann et al., 2012). The domain interaction in
RfaH has important physiologic consequences. RfaH requires
a specific DNA sequence, ops, to unlock its domains and to use
the hydrophobic patch on the liberated NTD for binding to
RNAP (Belogurov et al., 2007). Thus, the tight domain interaction
in RfaH represents an autoinhibited state that restricts the use of
the transcription factor to genes bearing an ops sequence. These
observations suggest that similar autoinhibitory mechanisms
may be exploited to regulate the functions of TmNusG. The
requirement of a certain factor for opening of TmNusG is
unknown. It might also be possible that the affinity to RNAP is
sufficient to open TmNusG without an additional factor.
NTD and CTD Contacts Are Mutually Exclusive with
NusG-RNAP, NusG-NusE, and NusG-Rho Interactions
The surfaces of the NTD and the CTD involved in intramolecular
interaction are congruent with regions of these domains known
to bind other protein partners (Figure 1C). In the complex of
the EcNusG CTD with NusE (Burmann et al., 2010) the two loops
of the CTD that sustain interdomain contacts in TmNusG are
involved in the protein-protein interaction (Figure 1C, panel 1).
Moreover, the identical CTD surface contacts transcription
termination factor Rho (Burmann et al., 2010).
While presently no structure is available of bacterial NusG in
complex with RNAP, the high structural similarity of the NusG
NTD with the Spt5 NGN domain of archaea and eukaryotests reserved
Figure 3. 15N Spin Relaxation Data of TmNusGNTD-CTD at 14.1T Magnetic Field Strength and 323 K
(A) Longitudinal (R1, top), transverse (R2, middle) relaxation rates, and [
1H]15N steady state NOE (bottom) as a function of amino acid sequence.
(B) Distributions of R2/R1 ratios. Data from residues of the NTD are shown in black, data from residues of the CTD are in light gray. The similar distributions of both
domains indicate a uniform overall tumbling of the protein.
See also Table S1.
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Autoinhibited State in Thermotoga maritima NusG(Figure 1C, panels 4 and 5) allows the prediction of the RNAP-
binding site on NusG based on the crystal structure of an
archaeal Spt4-Spt5-RNAP clamp domain complex (Martinez-
Rucobo et al., 2011). Again, the region of the NusG NTD ex-
pected to bind the clamp domain of RNAP partly overlaps with
the area of the NTD involved in interdomain contacts in TmNusG
(Figure 1C, panel 5). These observations suggest that intramo-
lecular domain interactions observed in TmNusG would interfere
with other functional interactions of the NTD and CTD, further
supporting the notion that the present conformation of TmNusG
represents an autoinhibited state.
NTD-CTD Contacts Are Maintained in Solution
Previous structural analyses of other NusG orthologs have failed
to disclose stable NTD-CTD interactions (Burmann et al., 2011;
Mooney et al., 2009; Reay et al., 2004; Steiner et al., 2002). Inter-
estingly, however, regions identical to the NTD-CTD contact
areas in TmNusG are involved in lattice contacts between neigh-
boring molecules in crystal structures of AaNusG (Knowlton
et al., 2003; Steiner et al., 2002) and have been suggested to
reflect a functional intramolecular interaction in solution (Knowl-
ton et al., 2003). We therefore asked whether the NTD-CTD inter-
actions observed in the TmNusG crystal structure prevail in
solution. To address these questions using NMR spectroscopy,
we generated a shorted variant of TmNusG, TmNusGNTD–CTD, in
which we replaced a region (residues 43–230) encompassing
domain II with the corresponding loop of EcNusG (residues
52–61). The replaced region did not exhibit any direct interac-
tions with the NTD or CTD in the crystal structure.
The 1H, 15N HSQC spectrum of TmNusGNTD-CTD showed the
characteristic signal dispersion of well-folded globular proteins.
Almost all resonances could be assigned by applying standard
heteronuclear through-bond correlations. Secondary chemical
shifts correlated well with the crystal structure. Expression of
the isolated CTD also resulted in a well-folded globular protein
whose 1H, 15N correlations were assigned using 3D 15N-editedStructure 21,NOESY and 15N-edited TOCSY spectra. However, the chemical
shifts of the isolated CTD displayed remarkable differences in
their magnitudes compared to the spectrum of TmNusGNTD-CTD
(Figures 2B–2D). Such differences are typically found upon
complex formation of protein complexes. Mapping chemical
shift changes onto the structure revealed that both loops of the
CTD participating in the interaction with the NTD in the crystal
structure of TmNusG are strongly affected by the presence of
the NTD in solution. EcNusG, in contrast, did not show any
chemical shift differences between isolated domains and the
full-length protein (Burmann et al., 2011). These observations
indicate that NTD and CTD of TmNusGNTD-CTD mutually interact
in solution, presumably in a similar manner as observed in the
TmNusG crystal structure.
Spin Relaxation Experiments Support Similar NTD-CTD
Interactions in Solution as in the Crystal
To further confirm the similar association of NTD and CTD in
TmNusG in solution as in the crystal, we conducted spin relaxa-
tion experiments, a powerful method to determine the overall
tumbling of proteins in solution. Defined domain interactions in
a multidomain protein result in a uniform rotational tumbling of
the entire protein. In this case, the stochastic rotation can be
described in a single frame represented by a unique rotational
diffusion tensor for both domains. In the case of a multidomain
protein with noninteracting domains, the relative domain move-
ment requires an individual description of the rotational tumbling
for each domain. The ratio of the transverse (R2) and the longitu-
dinal (R1) relaxation rates is a key parameter for characterizing
overall tumbling of a protein because contributions of fast
internal dynamics are cancelled out to a large extent. The R2/R1
ratio of TmNusGNTD-CTD showed amono-modal distribution (Fig-
ure 3) with an effective isotropic correlation time of 7.4 ns at
50C, indicating coupling of the two domains on the timescale
of the molecular rotation. The situation is different in EcNusG,
which displayed different R2/R1 distributions for its NTD and365–375, March 5, 2013 ª2013 Elsevier Ltd All rights reserved 369
Figure 4. Solution Structure of TmNusGNTD-CTD
(A) Superposition of 20 accepted structures.
(B) Comparison of the crystal structure (gray) with the solution structure. The
inserted domain II of the crystal structure is omitted for clarity. NTD, blue; CTD,
light red; NTD-CTD linker, cyan; NTD-domain II crossover, magenta.
Table 2. Solution Structure Statistics
Experimental Derived Restraints
Distance restraints
NOE 1,908
Intraresidual 679
Sequential 480
Medium range 224
Long range 525
Hydrogen bonds 73
Dihedral restraints 302
Residual dipolar couplings 173
Restraint Violation
Average distance restraint violation (A˚) 0.007 ± 0.001
Maximum distance restraint violation (A˚) 0.18
Average dihedral restraint violation () 0.93 ± 0.2
Maximum dihedral restraint violation () 14
Average rdc restraint violation (Hz) 0.59 ± 0.05
Maximum rdc restraint violation (Hz) 3.2
Deviation from Ideal Geometry
Bond length (A˚) 0.00075 ± 0.00005
Bond angle () 0.16 ± 0.008
Coordinate Precisiona,b
Backbone heavy atoms (A˚) 0.49
All heavy atoms (A˚) 0.99
Ramachandran Plot Statisticsc (%) 84.1/12.4/2.5/1.0
aThe precision of the coordinates is defined as the average atomic root
mean square difference between the accepted simulated annealing
structures and the corresponding mean structure calculated for the given
sequence regions.
bCalculated for residues Lys5-Pro43, Lys230-Glu287, Phe299-Ile352
(numbering according to full-length tmNusG).
cRamachandran plot statistics are determined by PROCHECK and noted
by most favored/additionally allowed/generously allowed/disallowed.
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Autoinhibited State in Thermotoga maritima NusGCTD, consistent with domain decoupling in that protein (Bur-
mann et al., 2011).
The overall shape of a protein is reflected in the relaxation
rates of its nuclear spins due to the orientation of the corre-
sponding inter-nuclear vectors relative to the principal axis of
the rotational diffusion tensor. We derived a rotational diffusion
tensor of TmNusGNTD-CTD using the 15N relaxation data (Table
S1) from TmNusGNTD-CTD and the coordinates of full-length
TmNusG. The tumbling of TmNusGNTD-CTD was very well
described by a prolate, axial symmetric diffusion tensor with
a tumbling time of 7.44 ns and an axial ratio of 1.42. These obser-
vations showed that both domains tumble as a rigid unit with an
overall elongated shape, exhibiting a stable domain interaction
at least on the time scale of the molecular rotation. The derived
values perfectly fit the coordinates of NTD and CTD of the
TmNusG crystal structure, indicating that TmNusGNTD-CTD in
solution adopts an identical overall structure as in the crystal.
In particular, NTD and CTD strongly interact in solution.
We directly verified the above conclusions by determining the
solution structure of TmNusGNTD-CTD, using interdomain NOEs
detected in isotope-edited NOESY spectra, and residual dipolar
coupling, determined in two liquid crystalline media (pf1 phages
[5 mg/ml] and 3% C6E12/Hexanol) (Figure 4\; Table 2). The re-
sulting structural ensemble shows good coordinate precision
and reasonable stereochemical properties. The average solution
structure superimposes very well with the crystal structure
(backbone RMSD of 1.1 A˚; Figure 5B).370 Structure 21, 365–375, March 5, 2013 ª2013 Elsevier Ltd All righNTD-CTD Contacts Persist at High Temperatures
The analyses described above demonstrate that in solution
TmNusGNTD-CTD exhibits a defined domain interaction at least
at 50C, a low growth temperature for Thermotoga maritima.
The solution structure closely resembles the domain interaction
in the crystal. To test whether this domain interaction also
persists at temperatures closer to the optimal growth conditions
for Thermotoga maritima, a series of HSQC spectra with in-
creasing sample temperatures up to 80C were recorded. The
prominent chemical shift differences between TmNusGNTD-CTD
and TmNusGCTD were still observed at 80C, revealing the
presence of intramolecular domain interactions even at this
temperature. However, sample stability was significantly
reduced under these conditions and the protein precipitated
after roughly 2 hours.
Contributions of the Interdomain Interaction to Protein
Stability
The optimal growth temperature of 84C for Thermotoga
maritima presents particular challenges for the integrity of
protein folds. To estimate the contribution of the domaints reserved
Figure 5. Amide PFs Determined by H/D Exchange
(A) PFs of TmNusGCTD (dark gray) and EcNusGCTD (white) at 298 K as a func-
tion of sequence. PFs are expressed as the ratio of the intrinsic exchange rate
and the experimentally determined exchange rate. Residues Phe299-Ile352 of
TmNusG correspond to residues Phe128-Ala181 of EcNusG. The arrows
indicate the location of the b strands.
(B) PFs of the CTD from TmNusGNTD-CTD (white) and isolated TmNusGCTD
at 323K.
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Autoinhibited State in Thermotoga maritima NusGinteraction to protein fold stability, we conducted hydrogen/
deuterium (H/D) exchange experiments followed by NMR spec-
troscopy of TmNusGNTD-CTD, an isolated CTD of TmNusG
(TmNusGCTD), and an isolated CTD of EcNusG (EcNusGCTD).
H/D exchange was monitored via the decay of signal intensities
in a series of 1H, 15N HSQC experiments recorded at different
time points after dissolving lyophilized proteins in D2O at 298 K
or 323 K.
On average, the exchange rates of TmNusGNTD-CTD and
TmNusGCTD were 30 times faster at 323 K than at 298 K. At
323 K, the H/D exchange of EcNusGCTD was too fast to detect,
although the protein still showed the well-dispersed 1H, 15N
HSQC spectrum of a folded domain. At 298 K, the exchange
rates of EcNusGCTD were 65 times faster than for TmNusGCTD.
All slowly exchanging amide protons were found in regular
secondary structure elements, and the patterns of exchanging
amide protons were similar for all three proteins, suggesting
similar opening dynamics for all three constructs.Structure 21,To characterize the stabilization effect due to NTD-CTD inter-
action, the amide proton exchange was expressed as Protec-
tion Factor (PF; Figure 5). From the PF, the free energy of
hydrogen exchange was calculated and the highest DGHX
was assumed to be equal to the free energy of folding. For
EcNusGCTD, the maximum PF (Asn145) was 8.8 3 103 which
translates into a DGHX(298 K) of 28.8 kJ/mol. For TmNusG
CTD,
the maximum PF (Gly317) was 3.4 3 106 corresponding to
a DGHX(298 K) of 37.3 kJ/mol. At 323 K, the maximum PF
(Gly317) of TmNusGCTD was 5.2 3 106 corresponding to a
DGHX(323 K) of 41.5 kJ/mol. DGHX of TmNusG
CTD is lower at
298 K than at 323 K, indicating that the measurements were
performed below the optimal temperature for stabilization,
which is expected to be close to the optimal growth temperature
of Thermotoga maritima (84C). Thus, compared to the meso-
philic EcNusG, at 298 K the thermophilic TmNusGCTD is stabi-
lized by about 8.5 kJ/mol.
Comparison of the exchange rates of amide protons of
TmNusGNTD-CTD and of TmNusGCTD shows that the protection
is increased 40- to 50-fold (PF = 2.4 3 108, DGHX(323 K) =
51.8 kJ/mol for Gly317 in TmNusGNTD-CTD). This corresponds
to an additional stabilization of 10.3 kJ/mol, which is due to the
presence of the NTD. This additional stabilization can be attrib-
uted to the interaction between NTD and CTD. Converting the
portion of the free energy of folding that is caused by the domain
interaction into the equilibrium between open and closed states
yielded a fraction of 2% of the TmNusGNTD-CTD molecules in the
open conformation at 323 K. As a consequence, the closing rate
is about 50 times faster than the opening rate.
Dynamics of the Interdomain Interactions
To test the presence of microsecond-millisecond dynamics in
the domain interface, 15N relaxation-dispersion experiments
were performed with TmNusGNTD-CTD. With this method, we
did not observe any contribution of chemical exchange to the
transverse relaxation rates of nitrogen spins for any of the resi-
dues of the CTD that are located at the domain interface and ex-
hibited significant chemical shift differences between
TmNusGNTD-CTD and TmNusGCTD. For two residues of the CTD
(Asp323 and Glu328), relaxation-dispersion curves showed
a contribution of chemical exchange to the transverse relaxation
(Figure 6). These residues are located face to face at the end of
two b strands, far away from the domain interface, and their
observed dynamics reflect local conformational flexibility. There-
fore, the exchange rate for domain opening/closing must either
be in the fast exchange regimewith kex[ 2pDnmax (Dnmax being
the largest 15N resonance frequency change, ca. 370 Hz for
Phe312) or, less likely, in the slow exchange limit for all residues
(kex < 1 s
1). The slow exchange situation would result in observ-
able signals for the open state in a 1H, 15N HSQC spectrum with
sufficient signal/noise ratio. In a spectrum with signal/noise >
200:1 for characteristic residues in the domain interface, no
signals of the open state could be observed.
The exchange contribution in TmNusGNTD-CTD is determined
by the rate for closing (kex = kopen + kclose = (1/50 + 1) kclose,
due to KD = kopen/kclose = 1:50). In a titration using separate
domains, the exchange rate is given by kex = koff(1+pEL/pE)
with a dissociation constant KD,binary = kon/koff, in which pEL, pE
are the molar fractions of bound (pEL) and free (pE)
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Figure 6. 15N-Relaxation-Dispersion of TmNusGNTD-CTD
(A) Selected 15N-relaxation-dispersion curves of residues from the domain
interface (Gly312 and Phe314), and Asp323 and Glu328.
(B) Structure of TmNusGNTD-CTD. Gly312, Phe314, Asp323, and Glu328 are
shown in stick representation.
(C) Differences between transverse relaxation (R2) at the maximum
and minimum applied effective field for residues of the CTD. The residues
located at the domain interface show no dependence of the inter-pulse
delay during CPMG pulse trains, indicating the lack of dynamics on the
microsecond-millisecond scale causing an exchange contributing to the
transverse relaxation.
Structure
Autoinhibited State in Thermotoga maritima NusGdomains. Using a sample composition with known fractions of
free and bound (separated) domains, koff can be estimated
from the coalescence of signals in the spectra. During the titra-
tion of 15N-labeled TmNusGCTD with unlabeled TmNusGNTD,
residues with only small (<60 Hz) chemical shift differences
between TmNusGNTD-CTD and isolated TmNusGCTD showed
continuous chemical shift changes characteristic for exchange
behavior in the fast exchange regime (Figure 7). From the chem-
ical shift changes, a KD,binary of 5 mM could be determined.
Resonances with chemical shift differences of about 200 Hz
either in the proton or nitrogen dimension disappeared beyond
pEL/pE > 0.2. This situation corresponds to koff z1000 s
1 and372 Structure 21, 365–375, March 5, 2013 ª2013 Elsevier Ltd All righkonz23 10
8M1s1, a value typical for a diffusion-limited asso-
ciation. Under the assumption that the dissociation rate of the
binary complex is similar to the opening rate of the full-length
protein, a closing rate of 50,000 s1 can be estimated. This
rate is faster than the effective rate of association in the binary
complex at typical concentrations ([NTD] = 0.1–1 mM), given
by kon * [NTD], reflecting the tethered protein domains in the
full-length protein.
These results show that TmNusGNTD-CTD exists in a dynamic
equilibrium between the major closed conformation and the
minor open conformation. The fast openingwith a rate of approx-
imately 1,000 s1 is not expected to be a kinetic barrier during
formation of protein complexes required for transciptional
processes.
Interdomain Salt BridgesContribute Little to theDomain
Association
The crystal structure of TmNusG identified two salt bridges
(Arg275-Asp314 and Arg279-Glu313) between NTD and CTD.
An increased number of salt bridges is frequently observed in
proteins from thermophilic organisms compared to their meso-
philic counterparts (Kumar et al., 2000). Sequence comparison
of TmNusG with NusG from other bacteria suggests that these
salt bridges are a unique feature of TmNusG; no other NusG or-
tholog shows amino acid combinations at these positions suit-
able for analogous ionic interactions.
To test whether these salt bridges are essential for the NTD-
CTD interaction in TmNusG, two single point mutants (Arg275Ala
and Arg279Ala) and the double mutant (Arg275Ala + Arg279Ala)
were studied. 1H, 15N HSQC spectra of TmNusGNTD-CTD
(Arg275Ala) andTmNusGNTD-CTD showedno significant chemical
shift differences. Only small changes were observed for residues
sequentially and spatially close to the mutated site. Specifically,
in comparison to the isolated TmNusGCTD the characteristic
large chemical shift differences were still present, showing that
TmNusGNTD-CTD(Arg275Ala) maintains the closed conformation.
Compared to TmNusGNTD-CTD, TmNusGNTD-CTD(Arg279Ala)
and the doublemutant TmNusGNTD-CTD(Arg275Ala + Arg279Ala),
showed larger chemical shifts for resonances of both, NTD and
CTD. Especially in the C-terminal helix of the NTD, where
the two arginines are located, it was no longer possible to
assign the residues unambiguously by HQSC comparisons.
Moreover, thesemutants exhibited a significantly lower solubility
(<100 mM), rendering NMR experiments for more detailed infor-
mation (15N relaxation, assignment by triple-resonance NMR)
impossible. As the signals from the CTD in TmNusGNTD-CTD
still showed remarkable differences to those of the isolated
CTD, we conclude that a significant fraction of both mutant
proteins stayed in the closed conformation. Compared to
the parent TmNusGNTD-CTD, the large chemical shift changes
may have resulted from minor differences in the relative domain
orientations, which are due to the lack of the salt bridges.
Together, these results suggest that additional interactions
are essential and predominantly responsible for the stable intra-
molecular domain interaction. This interpretation would also
explain that the solubility of TmNusGNTD is much lower than
that of EcNusGNTD. Similarly to the NTD of EcRfaH the hydro-
phobic surface exposed to the solvent is much larger in
TmNusGNTD.ts reserved
Figure 7. Titration of Isolated 15N-Labeled
TmNusGCTD with Unlabeled TmNusGNTD
(A) Expanded region of superimposed 1H, 15N
HSQC spectra of TmNusG-CTD with increasing
concentrations of TmNusGNTD. The arrows mark
the direction of chemical shift changes during
titration.
(B) Chemical shift changes (expressed as Dn =
sqrt((Dn1H)
2+(Dn15N)
2) of Ala316 during the titra-
tion. Fitting the titration curve to a two-state
binding model resulted in a dissociation constant
(KD) of 5 mM.
C) One-dimensional traces of the 1H, 15N HSQC
spectra with given ratios of CTD:NTD showing the
disappearing signal of Gly314. The signal dis-
appearing at a CTD:NTD ratio of 0.3 corresponds
to a dissociation rate of approximately 1,000 s1.
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Deletion in E. coli
The genome of T. maritima does not encode for another NusG-
like protein (suggesting that T. maritima lacks an RfaH ortholog)
but contains genes for putative NusA, NusB, NusE/S10, and Rho
proteins (Nelson et al., 1999). Notably, TmNusA also contains
a different domain arrangement compared to EcNusA (Shin
et al., 2003; Worbs et al., 2001), in this case lacking two
C-terminal double helix-hairpin-helix domains (Bonin et al.,
2004; Eisenmann et al., 2005), which in E. coli serve an autoinhi-
bitory function (Mah et al., 2000; Schweimer et al., 2011). The
conservation of NusG in all bacteria and higher organisms, the
lack of an additional NusG-like open reading frame in
T. maritima, and the observation that also other presumed
T. maritima transcription factors have different domain composi-
tions compared to E. coli orthologs suggest that despite the DII
insertion and the NTD-CTD interaction, TmNusG should main-
tain similar functions as known for E. coli.
We assumed that the preferred closed state of TmNusG at 298
K and 323 K might interfere with the functions of this protein as
a transcription factor at elevated temperatures. Therefore, we
tested whether TmNusG or TmNusGNTD-CTD could rescue an
E. coli nusG deletion. The corresponding genes were cloned
into plasmid pBAD/HisA to allow induction by arabinose. The
E. coli strain W3102 bearing a chromosomal nusG::kan insert
and a temperature-sensitive plasmid that expresses EcNusG
was used for gene expression (Sullivan and Gottesman, 1992)
(Figure 8). At 42C, the ecnusG plasmid is lost and cells are not
viable in the absence of an alternative source of active NusG.
After the addition of arabinose, full-length TmNusG (orStructure 21, 365–375, March 5, 2013TmNusGNTD-CTD, data not shown) ex-
pressed from the pBAD/HisA plasmid
was not able to support cell growth at
42C. In agreement with this finding,
previous analyses have also shown that
TmNusG or a domain II deletion variant
of the protein were unable to substitute
for E. coli NusG (Liao et al., 1996).
In contrast, cells supplemented with an
Aquifex aeolicus nusG gene on the same
plasmid grew with 100% efficiency at42C in the presence of arabinose. Even though both NusG
proteins originate from hyperthermophilic organisms, AaNusG,
unlike TmNusG, does not exhibit a stable NTD-CTD interaction
(Knowlton et al., 2003; Steiner et al., 2002). These results indicate
that TmNusG is not functional in E. coli. This is possibly due
to its preference for a stable closed conformation at E. coli
growth temperatures. Expression of TmNusG in cells producing
EcNusG induces a small colony phenotype at 37C and kills
at 42C (data not shown), suggesting that TmNusG interacts
with and inhibits some E. coli transcription reaction, possibly
Rho-dependent transcription termination.
Conclusions
We have shown with crystal and solution NMR structural anal-
yses that the transcription factor NusG of the hyperthermophilic
bacterium Thermotoga maritima exhibits a stable interaction
between its NTD and CTD. The interaction is subject to fast
dynamics on the NMR time scale with ca. 98% of the molecules
existing in the closed conformation at 323 K. H/D exchange
studies revealed that this interaction contributes significantly to
the overall fold stability of the protein. Thus, it may represent
a safeguard against unfolding or aggregation at high tempera-
ture. However, NusG proteins from other hyperthermophilic
organisms, such as Aquifex aeolicus, which exhibit a very similar
domain architecture as TmNusG, do not show a stable NTD-CTD
domain interaction. Therefore, the NTD-CTD interaction does
not represent a mandatory adaption to life at high temperatures.
We showed that the closed state of TmNusG is incompatible
with other functional interactions of the NTD (with RNAP) and
CTD (with NusE or Rho). In contrast to TmNusG, whichª2013 Elsevier Ltd All rights reserved 373
Figure 8. Test for Complementation of EcNusG by TmNusG
(A–C) The growth of the following E. coli strains was tested at the growth
conditions indicated: (A) 9388, which carries the temperature-sensitive
plasmid ecnusG and plasmid pBAD-aanusG; (B) 9391, whichwas derived from
9388 at 42C in the presence of arabinose and has lost the ecnusG plasmid;
and (C) 11480, which carries the temperature-sensitive plasmid ecnusG and
plasmid pBAD-tmnusG.
See also Figure S2.
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Autoinhibited State in Thermotoga maritima NusGpredominantly adopts a closed conformation, NusG from
Aquifex aeolicus, which does not exhibit a stable NTD-CTD
interaction, fully complemented aNusG deletion in E. coli. There-
fore, we conclude that in some organisms, e.g., Thermotoga
maritima, NusG is subject to autoinhibition via the characterized
domain interaction. Autoinhibition may prevent NusG from inter-
acting prematurely with other components of the transcription
complex or may preclude nonspecific interactions of NusG
with other cellular components. Release from autoinhibition
may be achieved by the presentation of NusG binding sites
with sufficiently high affinity on preformed transcription com-
plexes. Alternatively, it may require interaction of NusG with
a specific component of the transcription complex, such as
the participating nucleic acids. An autoinhibited state in the iso-
lated protein that is released in the presence of a specific DNA
signal sequence, ops, has been described for the NusG paralog
RfaH (Belogurov et al., 2007; Burmann et al., 2012). In support
of this notion, TmNusG has been found to strongly interact
with various nucleic acids (Liao et al., 1996) unlike themesophilic
EcNusG, in which no comparable autoinhibited conformation
was detected.
EXPERIMENTAL PROCEDURES
Experimental procedures including details of cloning and of protein produc-
tion, modification, purification, crystallographic and NMR spectroscopic374 Structure 21, 365–375, March 5, 2013 ª2013 Elsevier Ltd All righanalysis, structure calculation, and complementation test in E. coli are
described in the Supplemental Experimental Procedures.
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